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why heavy ion collisions?

• what happens to dense QCD matter at extremely high temperature?
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hot nuclear matter
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excess: 
221±23±18MeV
Ti ~ 300-600MeV

Romatschke & Romatschke PRL 99 172301 (2007)
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What is our goal?
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What is our goal?
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partoni(E) ?
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reality more complicated
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approaching realistic models
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any colored probe interacts in all phases of the collision!
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γ: control measurement

RAA = 1

no nuclear effects

γ: no color charge → insensitive to produced matter
RAA(pT<14GeV/c) consistent with unity

RAA =
yieldpp * Ncoll

yieldAA

7
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π0 RAA

RAA =
yieldpp * Ncoll

yieldAA

RAA << 1

parton energy loss

8
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path length dependence to RAA

9
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models which get RAA right...
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reaction plane: a closer look

11

2v

0

0.05

0.1

0.15

0.2

6 - 9 GeV/c

GL
!dl "JW: I ~ 

Rot
GL
!dl "JW: I ~ 

Rot
CGC
!dl "JW: I ~ 

WHDG MR: ASW(a)

6 - 9 GeV/c

MR: AdS/CFT

GL
!dl l"JW: I ~ 

Rot
GL
!dl l"JW: I ~ 

Rot
CGC
!dl l"JW: I ~ 

(b)

partN0 100 200 300

AAR

(c)0.2
0.3
0.4
0.6
0.8
1.0

partN0 100 200 300

(d)

points to very strong path length dependence

PHENIX PRL 105 142301 (2010)



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

reaction plane: a closer look

11

2v

0

0.05

0.1

0.15

0.2

6 - 9 GeV/c

GL
!dl "JW: I ~ 

Rot
GL
!dl "JW: I ~ 

Rot
CGC
!dl "JW: I ~ 

WHDG MR: ASW(a)

6 - 9 GeV/c

MR: AdS/CFT

GL
!dl l"JW: I ~ 

Rot
GL
!dl l"JW: I ~ 

Rot
CGC
!dl l"JW: I ~ 

(b)

partN0 100 200 300

AAR

(c)0.2
0.3
0.4
0.6
0.8
1.0

partN0 100 200 300

(d)

points to very strong path length dependence

PHENIX PRL 105 142301 (2010)



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

IAA: di-jet suppression

12

π0

PHENIX PRL 104 252301 (2010)
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IAA
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same message from IAA

14

PHENIX 1010.1521



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

same message from IAA

14

PHENIX 1010.1521



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

same message from IAA

14

PHENIX 1010.1521

energy loss calculation from Renk in 2 hydro codes 
(Nokana & Bass and Eskola et al.)
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heavy flavor

• collectivity and 
suppression

• not expected from 
radiative energy loss

• raises lots of questions:

• c/b mixture in e±

• correlations

• new theoretical ideas?

15

PRL 98 172301 2007
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double peak structure
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double peaks

17
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b-b correlations can 
determine if correlations 

follow Mach’s Law
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charm & bottom: theory

18

e± from c & b p+p √s=200 GeV

knowledge of relative c/b contributions crucial for 
understanding energy loss in Au+Au collisions

Cacciari et al PRL 95 122001 (2005)
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quarks to electrons
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quarks to electrons

• small angle e-h 
correlations 
dominated by D & B 
decay products

19
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model the near side

• introduces a dependence on MC for decays and particle 
mix

• PYTHIA to handle decays 

20
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charm vs. bottom: experiment

21

PHENIX PRL 103 082002 (2009)
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Electron Measurement

• electron identification via RICH and EMCal

• residual hadron contamination: <1% p+p, <3% Au+Au
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PHENIX, PRL  97 252002 (2006)

Heavy Flavor Photonic Electrons
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photonic electrons
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• pT < 5GeV/c: 

• ➔dominantly from π0s 

• measure photon-h correlations

• also dominantly from π0s 

• use MC to map between 
ephot(pT) & γinc(pT)

total
π0→γee
γ→ee
η→γee
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relative contributions

• S/B ~ 1 in the pT range of interest

• J/ψ contributions also significant toward high pT
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jet-like correlations
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PHENIX: 1011.1477
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p+p alone...
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combinatoric background

31
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absolute background subtraction

• b0 can be calculated in HI collisions 
(no fudge factors) w/ negligible 
statistical errors

• depends on the centrality 
fluctuations

• generally very close to ZYAM, 
however some significant advantages

• wide jets

• poor statistics

32

combinatoric background = b0(1+2v2Av2Bcos(2Δϕ))

AMS, McCumber, Adare PRC 81 014908 (2010)
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combinatoric background

33
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e-h: same side correlations

• no evidence for any 
modification

• consistent with hadron 
triggered

34

-1
 (G

eV
/c

)
T

dpas
so

c
dN

tri
g

N
1

-410

-310

-210

-110

1

 < 3.0GeV/c
HF

T,e
 2.0 < p

 < 1.25rad!"-h                 0 < HFe

 (GeV/c)
T,hadron

p
1 1.5 2 2.5 3 3.5 4

-1
 (G

eV
/c

)
T

dpas
so

c
dN

tri
g

N
1

-310

-210

-110

Au+Au
p+p

cent: 0-60%

 < 4.0GeV/c
HF

T,e
3.0 < p

PHENIX: 1011.1477

               !"
-1 0 1 2 3 40

0.2

0.4

0.6

0.8

1



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

e-h: same side correlations

• no evidence for any 
modification

• consistent with hadron 
triggered

34

-1
 (G

eV
/c

)
T

dpas
so

c
dN

tri
g

N
1

-410

-310

-210

-110

1

 < 3.0GeV/c
HF

T,e
 2.0 < p

 < 1.25rad!"-h                 0 < HFe

 (GeV/c)
T,hadron

p
1 1.5 2 2.5 3 3.5 4

-1
 (G

eV
/c

)
T

dpas
so

c
dN

tri
g

N
1

-310

-210

-110

Au+Au
p+p

cent: 0-60%

 < 4.0GeV/c
HF

T,e
3.0 < p

 ( 
0 

- 1
.2

5 
ra

d 
)

AA
  I

0

1

2

3 < 3.0 GeV/c
HF

T,e
2.0 < p

< 5.0 GeV/c
T,h

4.0 < p

 = 200GeVNNsAu+Au  0-60%    

 (GeV/c)    
T,hadron

p
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

  

0

1

2

3
< 4.0 GeV/c

HF
T,e

3.0 < p
 < 10.0 GeV/c

T,h
5.0 < p

-hHFe
h-h PRC78,014901

PHENIX: 1011.1477

               !"
-1 0 1 2 3 40

0.2

0.4

0.6

0.8

1



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

e-h: opposite side correlations
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e-h: opposite side correlations
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e-h: opposite side correlations
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shape modifications

36

(rad)!"
0 2 4

(rad)!"
0 2 4

)!
"

/d
ab

)d
N

a
(1

/N

0

0.01

0.02

0.03

0-5%

 2.0-3.0 GeV/c#2.0-3.0 

(rad)!"
0 2 4

(rad)!"
0 2 4

)!
"

/d
ab

)d
N

a
(1

/N

0

0.01

0.02

0.03

0-5%

 2.0-3.0 GeV/c#2.0-3.0 

n.b. not exactly comparable 
(head, shoulder definitions 

slightly different)

hadron triggers

PRC 78 014901
1011.1477[nucl-ex] 



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

shape modifications

36

(rad)!"
0 2 4

(rad)!"
0 2 4

)!
"

/d
ab

)d
N

a
(1

/N

0

0.01

0.02

0.03

0-5%

 2.0-3.0 GeV/c#2.0-3.0 

(rad)!"
0 2 4

(rad)!"
0 2 4

)!
"

/d
ab

)d
N

a
(1

/N

0

0.01

0.02

0.03

0-5%

 2.0-3.0 GeV/c#2.0-3.0 

n.b. not exactly comparable 
(head, shoulder definitions 

slightly different)

hadron triggers

PRC 78 014901
1011.1477[nucl-ex] 



BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

shape modifications

36

(rad)!"
0 2 4

(rad)!"
0 2 4

)!
"

/d
ab

)d
N

a
(1

/N

0

0.01

0.02

0.03

0-5%

 2.0-3.0 GeV/c#2.0-3.0 

(rad)!"
0 2 4

(rad)!"
0 2 4

)!
"

/d
ab

)d
N

a
(1

/N

0

0.01

0.02

0.03

0-5%

 2.0-3.0 GeV/c#2.0-3.0 

n.b. not exactly comparable 
(head, shoulder definitions 

slightly different)

hadron triggers

PRC 78 014901
1011.1477[nucl-ex] 



1

10
<3.0 GeV/ca

T2.0<p <4.0 GeV/ca
T3.0<p

0 2 4 6

HSR

1

10
<5.0 GeV/ca

T4.0<p

2 4 6

<10.0 GeV/ca
T5.0<p

 (GeV/c)b
Tp

p + p
Au + Au 0-20% 

1

10
<3.0 GeV/ca

T2.0<p <4.0 GeV/ca
T3.0<p

0 2 4 6

HSR
1

10
<5.0 GeV/ca

T4.0<p

2 4 6

<10.0 GeV/ca
T5.0<p

 (GeV/c)b
Tp

p + p
Au + Au 0-20% 

BNL Nucl. Phys. Seminar                           Anne M. Sickles                                              January 25, 2011

shape modifications
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not unexpected

37

heavy quark production diagrams
Q
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not unexpected

37

sizable contributions from NLO effects

heavy quark production diagrams
Q

Q Q
Q
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μμ Correlations @ ISR

• fit with ISAJET

• 20-35% “higher order”

• similar sorts of measurements @ 
Tevatron

38

UA1, Z Phys C 61 41 1994

pp, √s = 630 GeV

Q
Q
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e-μ correlations
• sensitive to correlated charm, but at forward/mid-rapidity

39

T. Engelmore, QM09
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RHIC vs. LHC
• also different production mix

40
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Near Term Future

• Silicon Vertex Detector

• e-h and e-e correlations to understand HF production

• here 500 GeV p+p data provides a good opportunity 

• increased HF cross sections and different collision energy 
➔ useful input for understanding HI data at 200 GeV

41
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heavy flavor and the LHC

• ATLAS di-jet results and bottom suppression at RHIC 
both point to the strong quenching ability of the 
matter

42
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what will b-jets look like at the LHC?
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sPHENIX

• jets offer huge rate advantages and a reduction of biases from 
spectra & correlations

• however need a real jet detector for RHIC

• high rate, hadronic calorimetry, heavy flavor tagging, large 
acceptance

• suited to systematic studies (system size, energy, etc)

PHENIX Decadal Plan, Jacak HP10

43
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outlook
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outlook

• heavy flavor is one of the best tools to understand how 
partons interact with the QGP
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partons interact with the QGP

• experimentally very challenging

• rate

• charm & bottom mixture

• different production configurations
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outlook

• heavy flavor is one of the best tools to understand how 
partons interact with the QGP

• experimentally very challenging

• rate

• charm & bottom mixture

• different production configurations

• measurement via single electrons

• investigations are still in their early stages

• vertex upgrades at RHIC & LHC provide big improvements!

• correlations will be key

44
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tool for the future: jets

• leading particles sample high z part 
of the fragmentation function

• little sensitivity to modification 
patterns...that’s where the 
energy loss physics is→radiated 
gluons, broadened jet profile...

47
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jets: algorithm matters!

48

STAR: RAA(jet) ≠ RAA(π0)
large uncertainties

PHENIX: RAA(jet) = RAA(π0)
small uncertainties
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STAR: RAA(jet) ≠ RAA(π0)
large uncertainties

PHENIX: RAA(jet) = RAA(π0)
small uncertainties
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jet shape studies

49
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high pt

50
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rate!

51

all hard physics at RHIC is statistics limited!
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b0 determination

52

AMS, McCumber, Adare PRC 81 014908 (2010)
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• more central events contain more pairs
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b0 determination

• in general b0~<ntrig><nassoc>

• additional centrality dependent factor, ξ

• more central events contain more pairs

• not new, used in

• PHENIX, PRC 71 051902

• PHENIX PRL 98 232302

• PLB 649 359 (2007)
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b0 determination

• in general b0~<ntrig><nassoc>

• additional centrality dependent factor, ξ

• more central events contain more pairs

• not new, used in

• PHENIX, PRC 71 051902

• PHENIX PRL 98 232302

• PLB 649 359 (2007)

• PHENIX PRC 80 024908

• PHENIX arXiv:1002.1077

52

AMS, McCumber, Adare PRC 81 014908 (2010)
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ephot-h correlations (II)

• γinc(pT) ➡ ephot(pT) ?

• conversions: γinc(pT) + PHENIX 
GEANT + reco. eff.

• Dalitz decays: π0(pT) → γe+e- get γ* 
from e+e-

• both methods: ephot(pT) ~ γinc(pT) ≈ 
π0(pT)

• π0 spectrum falls very steeply

53
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why heavy flavor?

• mc & mb large compared to ΛQCD and Ti 

• these quarks provide a partonic variation of the 
quark probing the matter

• --fundamental handle

• clean, production only in initial stages of the 
collision, before the matter is formed

54
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moving to Au+Au collisions

55
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moving to Au+Au collisions
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moving to Au+Au collisions
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